Protein tyrosine phosphatase 1B (PTP-1B) is a ubiquitously expressed cytosolic phosphatase with the ability to dephosphorylate JAK2 and TYK2, and thereby down-regulate cytokine receptor signaling. Furthermore, PTP-1B levels are up-regulated in certain chronic myelogenous leukemia patients, which points to a potential role for PTP-1B in myeloid development. The results presented here show that the absence of PTP-1B affects murine myelopoiesis by modifying the ratio of monocytes to granulocytes in vivo. This bias toward monocytic development is at least in part due to a decreased threshold of response to CSF-1, because the PTP-1B ؊͞؊ bone marrow presents no abnormalities at the granulocytemonocyte progenitor level but produces significantly more monocytic colonies in the presence of CSF-1. This phenomenon is not due to an increase in receptor levels but rather to enhanced phosphorylation of the activation loop tyrosine. PTP-1B ؊͞؊ cells display increased inflammatory activity in vitro and in vivo through the constitutive up-regulation of activation markers as well as increased sensitivity to endotoxin. Collectively, our data indicate that PTP-1B is an important modulator of myeloid differentiation and macrophage activation in vivo and provide a demonstration of a physiological role for PTP-1B in immune regulation.
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hematopoiesis ͉ innate immunity ͉ myeloid progenitor cells P rotein tyrosine phosphatase 1B (PTP-1B; also known as PTPN1) is a ubiquitously expressed cytosolic phosphatase that is localized to the endoplasmic reticulum (1) . PTP-1B Ϫ͞Ϫ mice were shown to be resistant to diet-induced diabetes and obesity (2) (3) (4) (5) , and the enzyme has been implicated in several metabolic pathways because of its ability to dephosphorylate and thereby down-regulate the activity of the insulin receptor (2, 3) , epidermal growth factor receptor and platelet-derived growth factor receptor (6) (7) (8) , insulin-like growth factor type I receptor (4, 9) , and JAKs associated with cytokine family receptors, including leptin (5, 10) and growth hormone receptors (11) . PTP-1B appears to show specificity toward JAK2 and TYK2 (12) , and has been shown to regulate IFN signaling in fibroblasts (12) . Despite the regulatory role in cytokine signaling, no immunological phenotype has been attributed to the PTP-1B-deficient mice to date.
IL-3, granulocyte colony-stimulating factor (G-CSF), and granulocyte-monocyte colony-stimulating factor (GM-CSF) are cytokines that depend on JAK2 activity for signaling (13) (14) (15) and play important roles in the regulation of myeloid development (16) . The receptor for another important myeloid cytokine, CSF-1, belongs to the class III receptor tyrosine kinase family together with the platelet-derived growth factor receptor (17) , and it also activates TYK2 (18) . Furthermore, it has been shown previously that PTP-1B protein levels are up-regulated in cell lines derived from chronic myelogenous leukemia patients (19) (20) (21) . These observations led us to investigate the role of PTP-1B in hematopoiesis and, in particular, myelopoiesis.
The data presented here show that in the absence of PTP-1B, the monocyte-to-granulocyte ratio is affected in vivo. This defect is likely due to an increased sensitivity to CSF-1, because PTP-1B Ϫ͞Ϫ bone marrow produces more colonies in response to CSF-1, and the receptor was hyperphosphorylated in response to CSF-1 in PTP-1B Ϫ͞Ϫ bone marrow-derived macrophages or in macrophages expressing the PTP1B aspartic acid-to-alanine substrate-trapping mutant. In addition, PTP-1B-deficient macrophages display increased inflammatory phenotype in vitro and in vivo through the up-regulation of activation markers as well as increased sensitivity to LPS. Together, our results demonstrate that PTP-1B regulates cytokine signaling in the immune system and thereby modulates myelopoiesis and macrophage activation in vivo.
Results

Augmented Monocytic but Not Granulocytic Development in the
Absence of PTP-1B. The mice deficient for PTP-1B are viable and fertile with no reported gross abnormalities (2, 3) . The reports that PTP-1B regulates cytokine signaling by dephosphorylating JAK2 and TYK2 (5, 10-12) led us to hypothesize that hematopoiesis may be affected by the loss of PTP-1B. Of particular interest was myelopoiesis, both due to the importance of JAK2 (13, 15) and the dysregulation of PTP-1B expression in chronic myelogenous leukemia (19, 20) .
When total bone marrow from young adult (6-7 weeks old) mice was cultured in the presence of myeloid growth factors (IL-3, IL-6, and SCF), PTP-1B Ϫ͞Ϫ cells differentiated into monocytic colonies in a larger proportion than the PTP-1B ϩ͞ϩ cells (Fig. 1A) . In keeping with the equal numbers of colony-forming unit-GM, the size of the CD34 ϩ CD16͞CD32 ϩ granulocyte-monocyte progenitor (GMP) population was not affected by the loss of PTP-1B (Fig.  1B) , suggesting that the enzyme modulates lineage decision below the GMP level. Progenitor cells were first defined as Lin Ϫ Sca1 Ϫ CD127 Ϫ CD117 ϩ and then divided into GMP, common myeloid progenitors, and megakaryocyte-erythrocyte progenitors based on their CD34 and CD16͞CD32 expression (22, 23) .
of granulocytic colonies in response to G-CSF. There was no significant colony formation in the presence of serum alone (data not shown).
The increased number of colonies pointed to an increased prevalence of CSF-1-responsive cells in the PTP-1B Ϫ͞Ϫ bone marrow. The colonies also contained more cells (51 Ϯ 10 cells per colony for PTP-1B ϩ͞ϩ vs. 110 Ϯ 13 for PTP-1B Ϫ͞Ϫ), indicating that the loss of PTP-1B may also increase proliferation of monocytic precursors in response to CSF-1. To verify this, we used carboxyfluorescein diacetate succinimidyl ester to trace cell divisions and noted that the PTP-1B Ϫ͞Ϫ cells divided on average one more time than the control cells over the 5-day incubation period as seen by a decrease in fluorescence due to cell division (Fig. 2B ) and increased mitotic index (1.4 Ϯ 0.2 for PTP-1B ϩ͞ϩ vs. 2.5 Ϯ 0.6 for PTP-1B Ϫ͞Ϫ; P Ͻ 0.05) (24) .
The increased sensitivity to CSF-1 was not due to an increase in receptor levels in total bone marrow (Fig. 2C Left) or in bone marrow depleted of erythrocytes (Ter119 ϩ ) and B lineage cells (CD19 ϩ ). To study CSF-1R phosphorylation, we stimulated bone marrow-derived macrophages with 10 ng͞ml CSF-1 at room temperature to minimize receptor internalization and thus optimize the detection of receptor phosphorylation. Under these conditions, the loss of PTP-1B resulted in hyperphosphorylation of the receptor on the activation loop tyrosine 807 (Fig. 2C  Center) , indicating that PTP-1B indeed controls CSF-1R signaling at the level of receptor phosphorylation. To confirm these data, we created macrophage cell lines that stably expressed either wild-type or mutant PTP-1B. The expression of wild-type PTP-1B resulted in decreased receptor expression (Fig. 5 , which is published as supporting information on the PNAS web site), whereas the substrate-trapping mutant enhanced CSF-1R phosphorylation on tyrosine 807 (Fig. 2C Right) in two separate clones.
Increase in Monocyte-to-Granulocyte Ratio in the Periphery in PTP-1B
؊͞؊ Mice. To investigate whether the bias in myelopoiesis was reflected in the periphery, we performed flow cytometry analysis on the spleen. Both monocytic and granulocytic populations were expanded (by 58% and 48%, respectively) in young adult PTP-1B Ϫ͞Ϫ mice (Fig. 3A) . We had detected no significant increase in bone marrow myelocytes in these same mice (data not shown). Therefore, the expansion of the splenic myelocytes could be due to either an increase in lifespan or to in situ hematopoiesis. In the case of PTP-1B Ϫ͞Ϫ mice, both mechanisms appeared to play a role. Both monocytes and granulocytes exhibited reduced apoptosis as shown by decreased Annexin V staining (Fig. 3B) . A mixed colony assay yielded 2-fold more colony-forming unit-GM in the absence of PTP-1B, suggestive of an increase in splenic myeloid progenitor cells (Fig. 3C) .
In older animals, the relative size of granulocytic population was diminished in the absence of PTP-1B, reflecting the bias in myelopoiesis in favor of monocytes (Fig. 3D) . Moreover, the expression levels of both CD11b and Ly6G on the surface of positive cells were decreased as seen by diminished mean fluorescence (Ly6G 343.3 Ϯ 15.7 for ϩ͞ϩ and 308.0 Ϯ 5.5 for Ϫ͞Ϫ, P Ͻ 0.005; CD11b 409.8 Ϯ 102.9 for ϩ͞ϩ and 290.3 Ϯ 13.8 for Ϫ͞Ϫ, P ϭ 0.06). However, because of the increase in spleen cellularity (data not shown) in PTP-1B Ϫ͞Ϫ mice, the absolute number of granulocytes was not diminished when compared with ϩ͞ϩ mice.
PTP-1B Deficiency Leads to an Enhanced LPS Sensitivity. Macrophages normally need priming by, e.g., IFN-␥ before an LPS stimulus for full activation and NO production (25, 26) . CSF-1, but not GM-CSF, can substitute for IFN-␥ to some extent in vitro (27, 28) , and the differences in CSF-1 sensitivity in PTP-1B Ϫ͞Ϫ bone marrow cells led us to hypothesize that the loss of PTP-1B may also lead to an increased sensitivity to LPS. Using spleenderived macrophages, we observed that the PTP-1BϪ͞Ϫ cells Representative FACS plots from 7-week-old males, demonstrating no significant changes in the myeloid precursor populations. Cells were first selected on Lin Ϫ Sca1 Ϫ CD127 Ϫ CD117 ϩ . n ϭ 10 for both ϩ͞ϩ and Ϫ͞Ϫ.
were indeed more sensitive to low (picograms͞milliliter) concentrations of LPS (Fig. 4A ). There was no significant difference in NO production in response to IFN-␥ alone (3.5 Ϯ 1.6 M for ϩ͞ϩ vs. 8.2 Ϯ 2.5 M for Ϫ͞Ϫ), or when the cells were maximally activated with IFN-␥ plus LPS (37.2 Ϯ 15.9 M for ϩ͞ϩ vs. 57.3 Ϯ 12.0 M for Ϫ͞Ϫ). Spontaneous NO production was below detection limit (1-2 M) for both PTP-1B ϩ͞ϩ and PTP-1B Ϫ͞Ϫ. The increase in NO production was due to an up-regulation of inducible NO synthase expression (Fig. 4B ) despite the absence of differences in JNK or p38 phosphorylation (data not shown). In accordance with Myers et al. (12) , STAT1 phosphorylation was also enhanced downstream of IFN-␥ (Fig. 4C) . We did not detect any significant differences in baseline inducible NO synthase mRNA (data not shown). The level of CD14 or CD11b expression was not affected by the loss of PTP-1B (data not shown).
The loss of PTP-1B resulted in increased macrophage activation in vivo as well, as shown by the expansion of the CD80 ϩ Ly6G Ϫ CD11b ϩ population in the spleen (Fig. 4D) . The mean fluorescence for CD80 on positive cells was also increased (36.8 Ϯ 4.1 for ϩ͞ϩ vs. 55.8 Ϯ 6.4 for Ϫ͞Ϫ; P Ͻ 0.001) indicating an up-regulation of CD80 surface expression on individual cells. This was specific for CD80 because CD86 was not enhanced either in terms of surface expression levels or the percentage of expressing cells (data not shown).
To demonstrate that the macrophage activation in PTP-1B Ϫ͞Ϫ mice resulted in increased LPS sensitivity in vivo as well, 3-month-old male mice were injected with 0.5 mg͞kg LPS intravenously and bled 2 or 4 h after injection. In PBS-injected control animals, there was no detectable IL-12 or IFN-␥ (Fig.  4E) . After 2 h, IL-12 could be detected in most PTP-1B Ϫ͞Ϫ animals and some ϩ͞ϩ controls, but it was significantly more strongly induced in the absence of PTP-1B (Fig. 4E Upper) . Accordingly, IFN-␥, which was detectable after 4 h, was also present at 5-fold higher levels in PTP-1B Ϫ͞Ϫ mice (Fig. 4E  Lower) . These data indicate that the increased activation of macrophages can be translated into an increased sensitivity to LPS in vivo. The cytokine production was not only transient but developed into acute shock in the absence of PTP-1B. Mice injected with 4 mg͞kg LPS were followed for 7 days for symptoms of septic shock and killed when they became severely hunched, when their mobility was decreased, or if they lost Ͼ20% of their body weight. The majority of PTP-1B Ϫ͞Ϫ mice became immobile and were killed within 48 h (Fig. 4F) . None of these lost Ͼ10% of their weight. In comparison, only 20% of control mice were killed over the 7-day course of study, and half of these deaths were due to weight loss. Overall, weight loss was delayed by the absence of PTP-1B, possibly because of increased leptin signaling (29) . The mean symptom score was higher in PTP-1B Ϫ͞Ϫ mice than PTP-1B ϩ͞ϩ controls throughout the course of study. Representative FACS plots from 14-week-old males, demonstrating a switch in macrophage͞granulocyte ratio. Histogram represents the mean Ϯ SE of total number of cells per spleen. n ϭ 8 for both ϩ͞ϩ and Ϫ͞Ϫ in two independent experiments.
Discussion
The data presented above identify PTP-1B as a critical regulator of macrophage and granulocyte development and lineage specification. The absence of PTP-1B in mice resulted in a significant increase in the monocyte͞macrophage population in the spleen and bone marrow (data not shown) as the mice became older. This switch in differentiation was translated into an increased number of CSF-1-responsive cells in the PTP-1B Ϫ͞Ϫ bone marrow as well as a decreased threshold to both CSF-1 and LPS, because of hyperphosphorylation of the CSF-1R. Collectively, our results suggest that PTP-1B plays a role in lineage commitment after the common granulocyte-monocyte precursor stage.
The reason for the enhanced sensitivity of PTP-1B Ϫ͞Ϫ bone marrow cells to CSF-1 appears to stem from the increased phosphorylation of the receptor upon stimulus at the level of the activation loop tyrosine. The overall level of receptor expression was not affected by the deletion of PTP-1B, although it is possible that the level of receptor on a subset of cells is different, similar to what we detected in cell lines overexpressing PTP-1B. It has been previously published that CSF-1R is not a substrate of PTP-1B in COS cells (6) . The authors looked at the total tyrosine phosphorylation of the receptor, however, whereas we concentrated on a specific residue. Moreover, modulation of CSF-1R signaling by PTP-1B may be restricted to a particular cell lineage. Because of its location in the endoplasmic reticulum and contact with the endosomal compartment, PTP-1B may also play an indirect role in receptor signaling by modulating trafficking and recycling. It was recently reported to modulate the maturation of Flt3, a receptor related to CSF-1R (30). Given our overexpression results, it might be interesting to further study the role of PTP-1B in this context. PTP-1B not only regulates the lineage specification but also activation of monocyte͞macrophage lineage cells. Tissue macrophages in the absence of PTP-1B display an activated phenotype, with a significant percentage of them expressing CD80. Exclusive up-regulation of CD80 but not CD86 has previously been reported in pulmonary alveolar macrophages (31, 32) from asthmatic patients as well as in spleen-derived dendritic cells (33) in a mouse model of allergic asthma. CD80 was proposed to play a role in the maintenance of inflammation, whereas CD86 was important for its induction. Together with the decreased level of CD11b expression on individual cells, the increase in CD80 levels points to the development of a variant type of macrophages with a predisposition to an inflammatory type of immune response. Lower levels of CD11b on the monocyte surface are also an indication of a potentially decreased phagocytic capacity. It has been previously shown that integrin signaling is affected by the loss of PTP-1B (34, 35) , which may have an impact on exocytosis and phagocytosis.
CSF-1 stimulation is known to enhance LPS sensitivity (27, 28) . Although the loss of PTP-1B is not lethal in mice under normal, controlled conditions, challenge with LPS resulted in increased systemic IFN-␥ production as well as decreased survival of PTP-1B Ϫ͞Ϫ mice. This hypersensitivity is most likely due to a decreased threshold of PTP-1B Ϫ͞Ϫ macrophages to LPS, resulting in enhanced IL-12 secretion, which would in turn activate IFN-␥ production by T cells and natural killer cells (36) . Recent findings indicate that PTP-1B deficiency confers protection from endoplasmic reticulum stress-induced cell death The data are presented as the mean Ϯ SE from three separate experiments. n ϭ 7 for both groups at 2 h; n ϭ 10 for both groups at 4 h. * , P ϭ 0.05; ** , P Ͻ 0.005 (using the Wilcoxon rank sum test). (F) The loss of PTP-1B decreases survival after an i.v. injection with 4 mg͞kg LPS. x, control (PBS-injected) PTP-1B ϩ͞ϩ; ‚, control (PBS-injected) PTP-1B Ϫ͞Ϫ; E, LPS-injected PTP-1B ϩ͞ϩ; ■, LPS-injected PTP-1B Ϫ͞Ϫ. n ϭ 9 and 4 for LPS-injected animals and PBS-injected animals, respectively.
(37) and Fas-mediated liver damage (38) . PTP-1B Ϫ͞Ϫ macrophages could therefore be more resistant to activation-induced apoptosis and show prolonged potential for cytokine and nitrogen radical secretion. We have also detected an increase in the DX5 ϩ TCR␤ ϩ population in the spleen of PTP-1B Ϫ͞Ϫ mice (K.M.H. and M.L.T., unpublished data), suggesting that part of the in vivo response to LPS may also be directly due to splenic natural killer T cells (39) .
We did not detect any difference in the number of GMPs in the bone marrow, or any impairment in granulocyte survival, suggesting that the decrease in the percentage of splenic granulocytes may be directly due to the increased numbers of monocytes. Indeed, when one accounts for the increase in spleen cellularity, there is no actual decrease in the absolute number of granulocytes in PTP-1B Ϫ͞Ϫ mice (2.3 Ϯ 0.8 million for ϩ͞ϩ vs. 2.1 Ϯ 0.6 million for Ϫ͞Ϫ). The increased sensitivity of PTP-1B-deficient cells to CSF-1 may in this setting play a role in the lineage commitment. Sustained expression of transcription factors, such as Pu.1 (40) (41) (42) and early growth response 1 (Egr-1) (43), also favors monocytic differentiation. Egr-1 activity suppresses PTP-1B expression (44) , and the loss of PTP-1B could in this context mimic sustained Egr-1 expression. The increased sensitivity to IFN-␥ may also increase the activity of IFN regulatory factor 8 and thus modulate cell fate toward monocyte͞macrophage lineage (45) . Interestingly, we did not see increased colony formation by PTP-1B Ϫ͞Ϫ bone marrow in response to either GM-CSF or G-CSF, both of which signal through JAK2, clearly indicating that PTP-1B controls myeloid lineage commitment independent of cytokine signaling in addition to its role downstream of CSF-1R.
PTP-1B inhibitors are currently under study as treatment modalities for obesity and type II diabetes (46, 47) . In our study, heterozygous animals did not show appreciable intermediate phenotype. Also, the development of increased LPS sensitivity most likely requires changes at the level of macrophage development, because short-term treatment with suramin, a broadspectrum PTP inhibitor, was shown to be protective against liver damage due to endotoxic shock (48) . Therefore, although PTP-1B undoubtedly plays an important role in myeloid development and activation, the short-term use of inhibitors would most likely not have deleterious effects on macrophage function in humans. Conversely, the results presented here identify PTP-1B as a potential target for treating myeloid malignancies, because the level of PTP-1B expression affects myeloid commitment. The increase in PTP-1B expression in chronic myelogenous leukemia patients has been documented (19) (20) (21) , but the actual consequences of this increase are not known. It is therefore possible that decreasing the level of PTP-1B in these cells could influence their differentiation and IFN sensitivity, and consequently their response to treatment (49) .
In conclusion, our data indicate a previously uncharacterized role for PTP-1B in myeloid development and CSF-1 signaling in macrophages and identify it as a potential target for the treatment of myeloid malignancies.
Materials and Methods
Mice. The generation of ptpn1 Ϫ/Ϫ mice was described in ref.
2. The mice were kept in specific pathogen-free housing and used between 6 and 15 weeks of age as specified. All animal work was carried out in accordance with the regulations of the Canadian Council of Animal Care and approved by the McGill Animal Care Committee.
Reagents, Antibodies, and Media. Cell culture reagents were purchased from Invitrogen unless otherwise specified. LPS (Escherichia coli O111:B4) was obtained from Calbiochem and prepared as described in ref. 50 . Serum for liquid cultures was endotoxin-free and purchased from HyClone. Recombinant murine (rm) IFN-␥ was purchased from Invitrogen, and rm CSF-1, rm G-CSF, and rm GM-CSF were purchased from StemCell Technologies. Antibodies for flow cytometry were purchased from BD Biosciences, Serotec, BioSource International, and BioLegend. Antibodies for Western blotting were obtained from Cell Signaling Technology, Upstate Biotechnology, and Santa Cruz Biotechnology.
Flow Cytometry. Fresh cell suspensions from bone marrow or spleen of age-matched male PTP-1B ϩ͞ϩ and Ϫ͞Ϫ mice were prepared in PBS plus 2% FBS. Nonspecific binding was blocked with purified anti-CD16͞CD32 antibody (BD Biosciences), and cells were labeled with a combination of f luorochromeconjugated substrate-specific antibodies. Data acquisition and analysis was conducted on a FACSCalibur machine (Becton Dickinson) by using CELLQUEST software.
Methylcellulose Colony Assays. All colony assays were performed on young-adult male mice (6-7 weeks of age). M3434 (StemCell Technologies) was used for mixed colony assays, and colonies were scored after 14 days based on morphology according to the manufacturer's instructions. For single cytokine colony assays, cells were cultured in M3231 (StemCell Technologies) and either CSF-1, G-CSF, or GM-CSF as indicated. Colonies were scored on day 11.
Proliferation Assays. Bone marrow cells from 7-week-old male mice were labeled with carboxyfluorescein diacetate succinimidyl ester (Molecular Probes) in DMSO according to the manufacturer's instructions. The cells were cultured for 5 days in Iscove's modified Dulbecco's medium supplemented with 10% FBS and 10 ng͞ml CSF-1. The CSF-1 supplemented medium was refreshed on day 4. On day 5, adherent cells were collected by scraping and analyzed by flow cytometry. Mitotic index was calculated as described in ref. 24 .
Generation of Stable Cell Lines. Retroviral vectors for PTP-1B were described in ref. 37 . Raw 264.7 cells were exposed to the virus for 24 h and then selected by using 140 g͞ml hygromycin. Two independent cell lines were used for either PTP-1B wild-type or aspartic acid-to-alanine mutant.
Spleen Cultures. Spleen-derived macrophages were obtained essentially as described in ref. 51 by using medium supplemented with 30% L-929 conditioned medium and 10% FBS. The L-929 medium was replaced with unsupplemented medium for 24 h before stimulation of the adherent cells with IFN-␥ and͞or LPS. Macrophage lineage was confirmed by CD11b and CD14 stain. Measurement of NO production in supernatant was performed essentially as described in ref. 52 .
Determining LPS Sensitivity in Vivo. Twelve-to 14-week-old male mice were injected i.v. with 200 l of sterile PBS containing 0, 0.5, or 4 mg͞kg LPS. Mice were followed for 7 days after injection and scored for symptoms (body weight, eyes, fur, mobility, posture, and diarrhea) twice daily. Mice were killed if they lost 20% of their body weight or became hunched and immobile. Blood samples for serum cytokine levels were collected by cardiac puncture 4 h postinjection and analyzed with OptEIA mouse IFN-␥ and IL-12 (p70) ELISA kits (BD Biosciences).
Statistical Analysis. All statistical differences were determined by a two-tailed, unpaired, Student t test analysis unless otherwise specified. 
